In this study, polythiophene-TiO 2 nanotube films (PTh/TNT) were successfully prepared by a two-step electrochemical process of anodizaton and electropolymerization, in which a highly-ordered TiO 2 nanotube (TNT) film was anodized at a low-voltage with post calcination first and then the prepared TNT film was deposited with a polythiophene layer by electropolymerization in the BFEE electrolyte. The morphology and structures of PTh/TNT composites were examined by FESEM, EDX, XRD, and XPS methods. XPS spectra of PTh/TNT composites indicate the strong interaction between S sites of polymer backbone and TiO 2 nanotubes, in which electron transfer from polythiophene to titania takes place. UV-vis DRS analysis shows that these composites have a strong photoresponse in the visible region at 500 nm. The prepared PTh/TNT films revealed significant activity for 2,3-DCP degradation under visible light irradiation and also sunlight irradiation, in which the PTh3/TNT film achieved the best performance. On the other hand, this study also confirmed that the sidechains of polythiophene could influence its photocatalytic activity significantly in an order from high to low as poly3-methylthiophene ≈ polythiophene > polythiophenecarboxylic acid > poly3-hexylthiophene. The results may provide useful information to further develop This is the Pre-Published Version.
Introduction
Solar energy conversion, water splitting, and the elimination of recalcitrant organic pollutants through visible light photocatalysis using TiO 2 nanotube films are of paramount interests. To let TiO 2 nanotubes as well as TiO 2 particles be active under visible light, various types of sensitizers including organic dyes [1, 2] , organometallic complexes [3] , and inorganic quantum dots [4] can be attached onto the surface of TiO 2 nanotubes. Among these visible light sensitizers, Ru(bpy) 3 2+ and its derivatives, attributed to organic dyes, seem to be one of the most successful and widely used in solar cells [5, 6] . However, such dye sensitizers are not sufficiently stable in the aquatic environment and need to be prepared only in the acidic pH region. Therefore, water splitting and elimination of recalcitrant organic pollutants using Rucomplex sensitized TiO 2 has not been very successful. It is necessary to exploit more novel visible-light-sensitized photocatalysts with uniform sizes and microstructures for the energy storage/conversion, water splitting, and environmental applications.
The conjugated polymers with extending π-conjugated electron systems such as polyaniline, polythiophene, polypyrrole, and their derivatives have shown great promises due to their high absorption coefficients in the visible part of the spectrum, high mobility of charge carriers, and excellent stability [7] . In general, they are also efficient electron donors and good hole transporters upon visible light excitation [8] . Recently, conjugated polymers act as stable photosensitizers combined with wide band gap inorganic semiconductors (e.g., TiO 2 , ZnO, CdSe and CdTe) is an emerging area of research for optical, electronic, and photoelectric 3 conversion applications [9] [10] [11] . In a conjugated polymer/TiO 2 system, polymer, bound to TiO 2 , can actively harvest the visible light matching the semiconductor energy levels, and then inject electrons into the conduction band (CB) of TiO 2 . Over the past several decades, researchers have investigated the movement of charge across the bulk/molecular interfaces successfully, and have described them theoretically. A schematic diagram for the charge transfer processes of conjugated polymer and TiO 2 is illustrated in Fig. 1 . Here, when the conjugated polymer harvests visible light, an absorbed photon promotes an electron from the ground state of the polymer located in the semiconductor energy gap into an excited state that is in resonance with the CB. The polymer π-orbital becomes the highest occupied molecular orbital (HOMO) in the combined system. Since the lowest unoccupied molecular orbital (LUMO) levels of polymer are energetically higher than the conduction band edge of TiO 2 [12, 13] , the electron transfer paths in Fig. 1 are possible. Efficient electron injection into the edge of the CB avoids the energy loss by relaxation to the CB edge [14] . The injected electron delocalizes from bulk to surface, simultaneously relaxing to the bottom of the CB owing to coupling to vibrations. If the electron remains trapped at the surface, it will react with the electron acceptor such as oxygen or hydrogen peroxide residing on the electrolyte mediator.
As a result, it should be a vital prerequisite for photosensitization that the interfacial charge transfer between photosensitizer and semiconductor takes place, being capable of responding to visible light. However, there are quite limited reports to gain attention to the photocatalysis of TiO 2 sensitized by such a polymer under visible light irradiation.
[ Fig. 1] Polythiophene and its derivatives, a kind of sulfur-containing conjugated polymer, are photochemically and thermally stable under photoirradiation, which have been often used as sensitizers in polymer-sensitized TiO 2 photovoltaic devices [15, 16] . Furthermore, they have 4 also been used as catalysts to degrade organic pollutants in the environment [17] . Besides, it is interesting that the polythiophene and its derivatives do not undergo degradation under UV radiation in the presence of TiO 2 , which has been confirmed by lots of literatures [17] [18] [19] . In present study, we therefore chose polythiophene as a photosensitizer to be attached on the anodic TiO 2 nanotube films through an electropolymerization technique and thereby investigated the photocatalytic reactivity of polythiophene-TiO 2 composites under visible light irradiation. The roles of polythiophene layers on TiO 2 nanotubes and the effects of various factors on the sensitized photoactivity were also studied with details. This study is aimed at utilizing the ability of polymer sensitization by visible light and providing better understanding of the mediated electron-transfer process and interactive oxidation reaction of the functionalized polymer/TiO 2 composites.
Experimental

Chemicals and materials
2,3-dichloropgenols (2,3-DCP), thiophene, boron fluoride-ethyl ether (BFEE), and ammonium fluoride (NH 4 F) were purchased from Aldrich Chemical Company and used without further purification. Titanium foils (140 μm thickness, 99.6% purity) were purchased from Goodfellow Cambridge Ltd. Other chemicals were obtained as analytical grade reagents.
Deionized distilled (DD) water was used throughout the experiments.
Synthesis of anodic TiO 2 nanotube arrays
A large piece of raw Ti foil was cut into small rectangle pieces (1.0 cm × 3.0 cm each), which were ultrasonically cleaned in an acetone-ethanol solution and then washed with DD
water. An anodic oxidation process was conducted in a dual-electrode reaction chamber, in which the cleaned Ti foil was used as the anode and a Pt foil of the same size was applied as the cathode. Two electrodes with a distance of 2 cm were submerged into 0.1 M NH 4 F electrolyte solution at pH 1.5 adjusted with H 2 SO 4 and an direct current power supply (EPS 600) was used to provide an electrical potential of 25 V between two electrodes during the anodic oxidation reaction. The resulting TiO 2 nanotubular films on Ti substrate were then rinsed by DD water and subsequently calcined at 500 o C for 1 h (named "TNT").
Synthesis of polythiophene-sensitized TNT composites
An electrochemical polymerization process was employed to prepare the polythiophenesensitized TNT composites in a one-compartment cell, in which the prepared TNT film as the anode and a Pt sheet (1 cm × 4 cm) as the cathode (a counter electrode) were immersed in the BFEE electrolyte solution, while a saturated calomel electrode (SCE) was also used as the reference electrode. Three electrodes were connected with a potentiostat-galavanostat (ZF-9
ZhengFang Company, Shanghai). The working and counter electrodes were placed 1.0 cm apart. The electrolyte solution consists of fresh BFEE and various amounts of thiophene as request, where BFEE furnishes the conducting medium [20] . The electrolyte solution was deoxygenated by bubbling nitrogen gas before the electrochemical polymerization.
A polythiophene layer was gradually coated on the TNT film by the electrochemical polymerization process at 1.3 V (vs. SCE) potentiostatically for 1 min. This low potential avoids any degradation of the polymer and any side reactions between the electrolytes and electrodes due to the occurrence of overoxidation at 1.45-1.55 V [21] . The thickness of polythiophene layer was controlled by the concentrations of thiophene monomers (1, 3, and 5 mM) in the BFEE electrolyte solution, corresponding to three composites named "PTh1/TNT", "PTh3/TNT", and "PTh5/TNT", respectively. All the resulting composite films were washed repeatedly with diethyl ether and DD water, and then dried at 80 o C under vacuum for 6 h before characterization. For comparison, a polythiophene film was also 6 prepared by depositing polythiophene onto an optical ITO-glass electrode instead of on the TNT film by electrochemical polymerization in the BFEE electrolyte solution with a thiophene concentration of 5 mM at 1.3 V for 1 min and was named "PTh/ITO".
Characterization
The surface morphology of resulting samples was studied by field-emission scanning electron microscopy (FESEM; JSM6300, Japan) and elemental analysis was performed with energy dispersive X-ray (EDX) spectroscopy. Information on the chemical states of the asprepared samples was obtained from X-ray photoelectron spectroscopy (XPS, SKL-12). XPS measurements were also carried out with a twin anode (Al/Mg) X-ray source and a charge neutralizer. All the binding energies were referenced to the C 1s peak at 284.6 eV of the surface adventitious carbon. A UV-visible spectrophotometer (Perkin Elmer, Lambda 20) was used to directly record the diffuse reflectance spectra (DRS) of resulting photocatalysts.
Baseline correction was done using a calibrated sample of barium sulphate. The concentration of dissolved organic carbon (DOC) in aqueous solution was determined using a total organic carbon analyzer (TOC-5000A, Shimadzu, Japan).
Photoactivity measurement
The experiments of 2,3-DCP degradation in aqueous solution were performed in a singlecompartment photoreactor equipped with a TNT or PTh/TNT film. A 150-W high pressure sodium lamp, positioned inside a cylindral circulating water jacket (Pyrex), was employed as an external visible light source. The lamp mainly provides visible light in the range of 400-800 nm, as reported in our previous publication [22] . A light filter containing 1.0 M aqueous NaNO 2 solution was placed inside the Pyrex jacket to completely eliminate any UV radiation at a cutoff wavelength of 400 nm. The as-prepared catalyst film with an area of 3 cm 
Results and discussion
Morphology and elemental composition
The morphology and elemental composition of as-formed TNT and PTh/TNT films were first examined by FESEM and EDX analyses and the results are shown in PTh5/TNT composites, respectively. It was observed that unlike the pure TNT film, the polythiophene layer formed on TNT substrate yielded the rough pore mouth and also some disordered aggregates on the wall surface of the TNT arrays (b1). Comparing three composites (PTh1/TNT, PTh3/TNT and PTh5/TNT), it can be found that the higher strength of thiophene in the electrolyte BFEE solution formed the thicker polythiophene layer with its extension to the top and inner wall of TiO 2 nanotubes (see c1 and d1). This phenomenon might result from the higher current density through the electrolyte solution, since a fixed potential was applied at 1.3 V (vs. SCE). Current-time response curves for the polymerization of thiophene at different monomer concentrations are shown in Fig. 3 . These curves demonstrated a same pattern that current density varied violently at the initial time and gradually stabilized to approach a plateau, which is similar to other earlier reports [23, 24] . It can be seen that the stabilized current density was higher with the higher concentration of monomer (5 mM). The relevant behaviors for the current as a function of time have been described in metal deposition [25] .
During the electropolymerization of thiophene, the dissolved species of monomer or short oligomers are first transferred to radical cations and two radical cations can combine together to form an unstable dehydrogenated dication, which then released protons to form a longer oligomer chain (see Scheme 1) . In this case, the electrodeposition of polythiophene is similar to that of metal deposition mentioned above, in which it proceeds through a nucleation and growth pathway. This mechanism has been confirmed by Hillman's group using potentiostatic steps [23] . Their data indicated that a bulk film was formed by the instantaneous nucleation and three-dimensional growth of polymer on top of this monolayer. Rate constants for growth parallel to the surface on substrate and the covering polymer layer were very close. Within a narrow potential range, the observation of maxima and minima in current-time transients was interpreted in terms of the "death" and "rebirth" of growing centers. Through layer-by-layer deposition, therefore, it is possible to manufacture films with a thickness of limited number of monolayers which may find important and useful technology.
[ 
XRD and XPS characterization
The XRD patterns of the Ti foil, TNT, PTh1/TNT, PTh3/TNT, and PTh5/TNT samples are shown in Fig. 4 [26, 27] . According to the indexation of peaks, the TNT film calcined at 500 o C thus mainly contains anatase and rutile phases. For the PTh1/TNT composite, it can be seen that the peak intensity of rutile quickly decreases and the anatase peak at 2θ = 25.35 o becomes smaller and broader compared to that of the TNT film. A more critical trend can be confirmed for the two samples of PTh3/TNT and PTh5/TNT as with the increased amount of polythiophene, the diffraction peak of anatase (101) became smaller and broader, and peaks attributed to rutile phase (110) disappeared completely. This probably because the amorphous state of the polythiophene polymer deposited on/in TNT attenuated the characteristic diffraction of TNT, thus affecting the detection of the crystal diffraction of TNT film. As a result, it should be noted that the presence of polythiophene has a significant effect on the TiO 2 crystalline structure observed in the pure TNT film.
[ Fig. 4 ] Table 1 shows the binding energies of S 2p and Ti 2p obtained from their high resolution XPS spectra. Obviously, the binding energies of S 2p for the pure polythiophene film (peeled off from the PTh/ITO samples) can be deconvoluted into three peaks (Fig. 5a ) centered at 163.32, 164.41 and 167.57 eV. The first two peaks are assigned to the neutral S 2p 3/2 , and the oxidized S 2p 1/2 . With these results it is possible to quantitatively separate the oxidized thiophene sulfur species from total thiophene sulfur species according to the areas of two sulfur peaks. In the pure PTh sample, about 45% fraction of thiophene contain the oxidized sulfur. The third peak (at 167.57 eV) is associated with the formation of positively charged sulfur (S δ+ ) [28] . This positive charge is consistent with the formation and transport of polarons and bipolarons in the conductive grafted polythiophene chains. However, its content in total thiophene sulfur species is only about 6%, much less compared to the first two peaks.
This result indicates that the neutral and oxidized sulfur species were mainly produced in the polymer backbone when thiophene monomer was electropolymerized at 1.3 V for 1 min. The XPS peaks of S 2p in PTh3/TNT (Fig. 5b) can also be deconvoluted into three peaks as well as that of the polythiophene film, while the higher binding energy (163.69, 164.89 and 168.28 eV) is observed. This result indicates the strong interaction between polythiophene and titania through electron transfer from polythiophene to titania, or the formation of bonding between sulfur and oxygen [28] . While the PTh3/TNT and PTh5/TNT composites showed a similar pattern of their composition, the PTh5/TNT composite showed a higher ratio of S/Ti and also a higher level of the positively charged sulfur. In contrast, a small shift to the lower value of the Ti 2p binding energies of three composites occurs as compared to that of the TNT sample.
This also reflects the strong interaction between S sites of polymer backbone and TiO 2 nanotubes, in which electron transfer from polythiophene to titania takes place. From the results of FESEM, XRD, and XPS analyses, it can be confirmed that the PTh/TNT composites were successfully formed by this two-step electrochemical process.
[ Table 1] [ Fig. 5] 
Optical properties
The optical properties of the as-prepared samples were studied by measuring their UV-vis absorption. Fig. 6 shows the UV-vis absorption spectra of PTh, TNT, and PTh/TNT composites, where the as-prepared PTh/ITO sample was placed in the reference beam to measure the UV-vis absorption of PTh film. The spectrum of PTh/ITO (curve a) shows a broad absorption band from 350 to 650 nm with its maximum absorption at ~500 nm, which is attributed to π-π* (HOMO-LUMO) transition of the polythiophene backbones. It has been reported that the large π-conjugated systems of polythiophene can create small π-π* energy gaps within the visible spectrum [29] . The width of absorption band indicates the coexistence of both long and short effective conjugation lengths in the polythiophene chains.
The TNT sample (curve b) in Fig. 6 shows very weak absorption in the visible region with its band gap transition starting from ~395 nm. This is attributed to the unique tubular structures of TiO 2 . Unlike TNT, the PTh/TNT composites (curves c-e) in Fig. 6 exhibit a new and broad absorption band in the range of 400-600 nm with a main shoulder at 540 nm. These results further imply the existence of the interaction between polymer and nanotubular TiO 2 , as identified by the XPS spectra. Moreover, this pattern becomes more prominent with an increased amount of polythiophene layers (curves c-e). Obviously, the TNT film functionalized with polythiophene causes a strong red shift in its light absorption as a result of the strong electronic interaction between polythiophene and titania and a direct charge transfer from polythiophene to the semiconductor surface that takes place during the photoexcitation. A transition of energy levels between this polymer orbital and TiO 2 orbital, as shown in Fig. 1 would be a key step to result in such as a significant red shift.
[ Fig. 6] 
Photocatalytic activity under visible light irradiation
The photocatalytic activity of PTh/TNT composites was evaluated in terms of the 2,3-DCP degradation in aqueous solution under visible light irradiation and the TNT sample was also tested for comparison, as shown in Fig. 7 . It is found that only a minor removal of 2,3-DCP either under visible illumination only or with TNT under visible illumination after 420 min reaction. These results therefore indicate that the direct photolysis and the TNT photocatalysis did not demonstrate any significant photoactivity under visible illumination. In contrast, the 2,3-DCP was significantly degraded by 51% using the PTh3/TNT composite under visible illumination after 420 min reaction and, at least four different intermediates from 2,3-DCP degradation were detected by HPLC. In a polymer-TiO 2 /visible light system, some positive carbon radicals in polymer chains are formed, as well as in a dye sensitized-TiO 2 system, 13 when the photoexcited electrons of polythiophene are injected into the conduction band of TiO 2 . These positive carbon radicals undergo delocalization along the conjugated π-orbital on polymer chains until to be attacked by an electronegative group. When the electronegative group is water or oxygen, the resulting molecule may be called a hydrogen radical or triplet/singlet oxygen [30] , respectively, which is an active oxidizer and is capable of attacking organic pollutants to the ultimate products. Therefore, 2,3-DCP may be degraded through one or more pathways. The study of intermediates and pathways was not conducted in this paper and it would be an interesting point for a further study using the GC-MS or NMR analysis. Fig. 7b shows the visible photoactivity of three PTh/TNT composites in our experiment. It can be seen that the PTh3/TNT sample exhibits the highest photocatalytic activity by 51% of 2,3-DCP removal after 420 min irradiation, while the PTh1/TNT and PTh5/TNT degraded 2,3-DCP by 42% and 34%, respectively under the same experimental condition. This result indicates there is an optimal amount of the polythiophene deposition to achieve the best photocatalytic performance. Actually, the optical properties of PTh/TNT composites depend on the growth mechanism of the polythiophene layer during electrochemical synthesis. When a very low concentration of thiophene monomer (e.g., less than 1 mM) was applied, the detached polymer clusters were yielded on the TNT substrate, as shown in Fig. 2b1 . As a result, only a small fraction of photons are absorbed by the detached polymer clusters to sensitize TiO 2 nanotubes crystal, leading to the limited photocatalytic activity. In contrast, with an increased concentration of thiophene monomers in the electrolyte solution, more polymer chains were aggregated and a well-connected polythiophene layer was formed on the TNT substrate surface (see Fig. 2c1 and d1) . These well-connected polythiophene films can provide more photos to carry out the charge transfer on the PTh/TNT interface, resulting in the higher photocatalytic activity. However, the fact is that the photoactivity of PTh/TNT with 14 an excessively thick polythiophene layer such as PTh5/TNT declined in the experiments, which might be attributed to the combination of three factors, including (1) the reduced active surface area of TNT films, (2) the poor pore structure (see the SEM images in Fig. 2) , and (3) the occurrence of profuse defects (such as the formation of positively charged sulfur) in the deposited polymer chain.
[ Fig. 7] To evaluate the reusability of the PTh/TNT films, the PTh3/TNT film was repeatedly used for several experimental runs, in which each run lasted for 420 min. After the first photocatalytic reaction, the catalyst was rinsed by DD water, dried at 103 o C and re-used immediately without any treatment. The experimental results showed that after 5 runs the activity of PTh3/TNT film only decreased slightly to be ~86% of the photocatalytic efficiency in the first run, which indicates that the PTh3/TNT films can maintain relatively high activity.
Photocatalytic activity under UV light irradiation
One set of experiments for 2,3-DCP degradation under UV light irradiation was performed and the results are presented in Fig. 8 . It is observed that the 2,3-DCP with an initial concentration of 20 mg L -1 was degraded by 78% under UV light irradiation for 300 min with the TNT sample, and by ~62% with the PTh3/TNT sample. It is easy to understand that, for the PTh3/TNT sample, both the polythiophene and TiO 2 can be excited by UV light irradiation. The excited electrons on the CB of TiO 2 will accumulate and resist any electrons transfer from the photoexcited states of polythiophene. Consequently, the electrons on the CB of TiO 2 either delocalize inside TiO 2 bulk or eventually find its way to transfer into the ground state of polymer [14] . Moreover, the coating of polythiophene not only lowers down the extent of TNT crystallinity (see XRD spectrum in Fig. 4 ), but also reduces the active surface area of TNT. Therefore, the overall photocatalytic efficiency of PTh/TNT was lower 15 than that of TNT under UV illumination. This observation is similar to the general fact that the modification of TiO 2 to achieve visible photoactivity always looses its photocatalytic activity under UV light to a certain extent as reported by the earlier studies [31, 32] .
[ Fig. 8] 
Photocatalytic activity under sunlight irradiation
As utilizing sunlight is always the most economical option to conduct photoreaction [33, 34] , this composite PTh/TNT film should be photocatalytically active under sunlight irradiation with a broad wavelength range from near UV to visible region. It is worth to extend the above experiments to be conducted outdoor under sunlight irradiation to further revaluate the photocatalytic activity of the PTh/TNT catalyst. Fig. 9 shows the degradation of 2,3-DCP by TNT and PTh3/TNT films under sunlight irradiation. It can be clearly found that the 2,3-DCP degradation with the PTh3/TNT film was achieved by about 88% after 420 min reaction, while that with TNT film was only by 70%.
To explain these results, the optical behavior of the composite materials under solar illumination must be considered. It is well known that sunlight not only contains visible light but even UV light (< 5% of the total radiation) passing through the atmosphere to the earth.
The experimental results in Fig. 9 showed that 2,3-DCP degradation with the TNT film under sunlight irradiation was much more slowly than that with the PTh/TNT film, since sunlight has only a small fraction of UV light. These results indicate that the PTh/TNT catalyst can effectively absorb both of UV and visible lights to promote the electronic excitation between the valence and conduction bands, where the fraction of UV light is responsible for the wellknown direct excitation of TiO 2 and visible light responds to the sensitized excitation. The two approaches can promote the generation of electro-hole pairs and also charge transfer through the interaction between PTh layer and TiO 2 nanotubes. It is generally accepted that if the electrons and holes created do not recombine rapidly, they need to be either trapped in some metastable states or migrate to the semiconductor surface separately, in which the amount of surface-trapped carriers is responsive for determining the overall activity of the TiO 2 films [35] . Consequently, the sunlight experiments reveal the major contribution of the sensitization mechanism under UV-vis light rather than the direct excitation of TNT.
[ Fig. 9] To further evaluate the efficiency of various catalysts irradiated by different light sources, the reaction rates in different experiments can be compared on a basis of photonic efficiency or quantum yield [36, 37] . Here, the photonic efficiency of reaction () is defined below:
where R is the initial rate of 2,3-DCP degradation (mol L ).
According to the conversion factors among radiation intensity, photon (energy) intensity, and lumination intensity [38] , the values of ζ for different systems were calculated based on the above equation and are summarized in Table 2 . In addition, a relative photonic efficiency (ζ r ) is also determined for easy comparison as listed in Table 2 [ Table 2 ]
Effect of the side-chain substitution of polythiophene on photoactivity
Substitution patterns are strong features of polythiophenes and their derivatives, and significantly influence their physical, optical and electronical properties [39, 40] . In principle, optimal polymer substitution should lead to an effective charge transfer without unwanted conformational changes, leading to good optical efficiency. In this study, three polythiophene derivatives with different side-chains, poly3-methylthiophene (P3Meth), poly3-hexylthiophene (P3Hexth), and polythiophenecarboxylic acid (PThCA), were electropolymerized on the TNT substrate and the effect of the side-groups on the 2,3-DCP degradation under visible light irradiation was investigated. The experimental results as listed in Table 3 show that the 2,3-DCP degradation with the P3Meth/TNT film was achieved by 52%, close to that with PTh3/TNT by 51%. In the meantime, the similar DOC removals in both experiments were achieved by > 26%. As compared to PTh3/TNT and P3Meth/TNT, the PThCA/TNT and P3Hexth/TNT catalysts exhibited the lower photocatalytic activity under the same experimental condition in terms of 2,3-DCP degradation and DOC removal significantly.
It can be understood that the visible photoactivity of polymer/TNT composites is significantly dependent on the efficiency of light absorption by polymer as well as the electron transfer on the interface of polymer/TNT composites.
To increase the light harvest by catalysts, the strong and broad absorbance of light are both needed. Li and co-worker [41, 42] have reported that thiophene polymers as electron-donor substituents with some side-chains such as the methoxy group can benefit the light absorption with a red shift, but the polymers with other side chains such as styryl and hexyl groups, due to their large steric hindrance, may weaken the absorbance in the visible region [43] . In this study, the addition of methyl group in polymer backbone, due to its electron-donating ability, led to the red-shift absorption and enhanced its photoactivity as listed in Table 3 surface. There are a number of literature precedents suggesting that carboxylic acid and hydroxylic groups on oxide surface form chelates or coordinative bonds [44, 45] . Taking into account these results, the possible coordination can be found in Scheme 2. In this way, a dramatic acceleration of the interfacial electron transfer from the conduction band of the polymer to TiO 2 acceptors is achieved. Therefore, it can infer that the side-chain structures of conjugated polymer have obvious influence on the photocatalytic activity of the polymer/TNT composites.
[ Table 3 ]
Conclusions
In this study, polythiophene was successfully deposited on the Table 2 Comparison of rate constant, photonic efficiency, and relative photonic efficiency of different 
